Abstract-Particle Swarm Optimization (PSO) algorithm has been applied in electromagnetics to design microwave absorbers. Generally, microwave absorbers are used for absorbing the electromagnetic radiation caused due to numerous electronic equipments and is being extensively used in stealth technology. The main aim of this paper is to find and analyze the minimized maximum reflection coefficient over a range of frequency and angle of incidence for a fixed number of layers and polarization. An improvised PSO algorithm has been suggested by utilizing a velocity restriction factor that intelligently searches for the optimum solution. The pareto principle with an improvisation in social and cognitive parameters has also been applied. The algorithm succeeded in finding better values of reflection coefficient for the microwave absorber structures comparatively. Based on the pareto principle a form of mutation technique is also used for better convergence. The results have been compared and tabulated for various combinations of the microwave absorber structure and the thickness of each layer is also optimized for a predefined database.
permeability, polarization and thickness. Researchers have tried to optimize these parameters using various evolutionary algorithms such as Genetic algorithm (GA) [8] [9] , Self adaptive differential evolutionary algorithm (SADEA) [10] , Simulated annealing [11] , and Particle swarm optimization (PSO) [12] [13] . These algorithms have shown improvement in the design of these absorbers, however improved even more, reducing the overhead cost. GA has its difficulties, because of its complexity and extensive time for computation. In Simulated annealing method, it has a high tendency to get trapped in local optimum and also takes a large convergence time [12] .
Literature shows that Particle swarm optimization (PSO) outperforms GA and simulated annealing [12] . Particle swarm optimization (PSO) is an algorithm that mimics natural behavior of a swarm mostly found in species of birds, bees and fish. This algorithm was first introduced by Kennedy and Eberhart in 1995 [14] [15] . PSO is known for its parallelization and faster optimization. The particles in a swarm follow a predefined pattern that is analogous to a swarm of bees searching for their food which is the global optima. All the particles in swarm are aware of their optima and the corresponding best global optima. The velocity and the position are the only two factors required for the particles to move to their global optima accordingly.
PSO being faster in computational time and cost has advanced rapidly in recent years, and has found its importance in the fields of artificial intelligence, information technology, material design and various other fields that require faster optimization [16] . PSO can also be used for parametric optimization with geometry. The recursive formula of Chew has been used previously to design absorbers [17] . This formula calculates the reflection coefficient for multilayered absorber for TE and TM polarizations. For broad angle of incidence, the reflection coefficient is calculated. TE and TM polarizations correspond to the electric and magnetic fields respectively. Reported literature has calculated the reflection coefficient for various numbers of layers [18] , however the optimization of these layers is a tradeoff between the thickness and the reflection coefficient. Hence algorithms that perform better are required. Hence to give a detailed analysis on all the above mentioned factors, improvised particle swarm optimization is used which has proved to perform better for various benchmark functions. Comparing to other algorithms the improvised PSO outperforms the conventional PSO algorithm and its variants.
To calculate the reflection coefficient, a five layered absorber is considered in the microwave range.
The layer optimization was performed over a broad range of incident angles and frequency for both TE and TM polarizations. Bands such as S, C, X and Ku are considered, as the microwave applications lie in these frequency bands. To achieve the above mentioned ascendancy over other algorithms, three techniques have been proposed in the algorithm. In the first technique, velocity restriction is constructed on the 80-20 rule also known as pareto principle [20] . The second technique used is a mutation based method using the escape probability to restrict the search space and explore extensively for the local optima. The third technique employed is an improvement to the inertial weight, which gradually converges the search as the number of iterations increase [21] . The cognitive and social parameters are two stochastic acceleration parameters that can be set accordingly to the design requirements so the neighbor of convergence can be steered towards the personal best solution of particle (pbest) or global best solution of swarm (gbest) based on the requirement of the algorithm.
The combination of these techniques together has achieved a better convergence and precision. This paper contains six sections. Section 1 gives an introduction towards the explanation of the problem statement. Section 2 illustrates the design for physical model of microwave absorbers and its corresponding parametric requirements. The working of improvised particle swarm optimization algorithm and specific requirements for the microwave absorbers is explained in Section 3. The predefined database for calculation of reflection coefficient is present in Section 4. Section 5 discusses the results for the various designs considered for achieving the best result for microwave absorber.
The analysis for the best obtained result over a range of frequency and a varied number of layers is presented in Section 6. It is an analysis on how the frequency and angle of incidence affects the reflection coefficient for varying number of layers. Ultimately, the best microwave absorber with the least reflection coefficient for a particular frequency range has been suggested.
II. OVERVIEW OF MICROWAVE ABSORBERS
A Perfect Electric Conductor (PEC) layer N+1 acts as the substrate for an N planar layered microwave absorber as illustrated in Figure 1 . Figure 1 . Physical arrangement of materials for microwave absorber design [17] An electromagnetic wave is obliquely incident on the first layer of the multilayered structure from the free space region with an angle of incidence . Each layer has a thickness . The incoming wave travels through all the layers that form the absorber. Approximately all the power is being drawn into by each layer which is then completely reflected by the substrate layer (PEC). The reflected power from PEC is absorbed by the N layers above it, ultimately acting like an absorber. The reflection coefficient between any two layers N and N+1 can be calculated using Eq. (1). Fresnel's coefficient for TE polarizations and TM polarization is given in Eq. (2) and Eq. (3) respectively. In Eq. (4), the complex permittivity and permeability are denoted as and for the ith layer, respectively and denotes the wave number and is defined as given in Eq. (4)
Here 0 and 0 is the permittivity and permeability of free space and is the angular frequency of the incident wave. The reflection coefficient between the penultimate and the last layer N and N+1, is considered as -1
for TE polarization and +1 for TM polarization respectively [17] . For normal incidence, the reflection coefficient bears the same result for both TE and TM polarization. Since the last interface reflection coefficient R (N, N+1) is calculated, the reflection coefficients of the subsequent layers can be calculated. Finally the required reflection coefficient R (0, 1) is obtained by recursive computation.
III. IMPROVISED PARTICLE SWARM OPTIMIZATION In conventional PSO individuals evolve by competition and cooperation among themselves for a swarm of size N. The best optimum position is based on the search done by these particles in the swarm using their intelligence. PSO algorithm helps to find the optimum solutions by moving its particles in a specified search space. The movements of these particles are guided with their best known coordinates. PSO provides two such best solutions to find the optimum solution. 
Where, for every objective function f, w is the inertia weight, c1 and c2 are defined as the cognitive and social factors respectively. These parameters are also called learning parameters and help to increase the search ability. Here rand1 and rand2 are the random distribution that ranges between 0 and 1 which is generated for every D dimensions. Pbest and gbest gives the personal best solution and global best solution for every i iterations. In the given search space, the new position value for each particle is found for every iteration i. Techniques such as mutation, restriction and improvised range are factors that affect velocity have been introduced, stand apart from Conventional PSO. In the improvised PSO based on the pareto principle the search is restricted with velocity and mutation which offers diversity in exploration. The Pareto principle states that 20 percent of the causes are responsible for 80 percent of the outcome and vice versa [20] . Hence based on this rule the inertia weight applied ranges from 0.8 to 0 for Eq. (7). Significantly 80% of the area is covered by the neighborhood having a higher chance of exploration.
Where w is the inertia weight for each iteration. wmax is taken as 0.8 and wmin as 0. Here denotes the current iteration and itmax is the total number of iterations used which is considered as 700. The social and cognitive factors c1 and c2 may be considered based on the requirement of the application.
Here c1 and c2 are considered as linearly decreasing and linearly increasing, respectively as given in the Eq. (8) and Eq. (9). 
For the velocity restriction mentioned above the following Eq. (10) is used to modify the effect of the previous velocity and the current position of the particle. 
The above fitness function has to be minimized to calculate the weighted sum of the total maximum reflection coefficient of the absorber for a given angle of incidence and over a range of frequencies and for TE and TM polarizations. For minimization of the fitness value, improvised particle swarm optimization has been used and its takes into account the two factors needed to be optimized. The fitness function is designed on focusing on obtaining the minimum reflection coefficient and the thickness is optimized to give this minimized reflection coefficient. Here 1 and 2 are the weighted coefficients considered to calculate the total fitness value [13] . Frequent mutations are performed to help the exploration process, determined by an escape probability. This escape probability is calculated using an algorithm that also prevents the particle to move out of the boundary, thus stabilizing the swarm search.
IV. DESIGN OF MICROWAVE ABSORBERS
The improvised PSO algorithm is applied to minimize the fitness function leading to an optimal design for microwave absorber. For this, a predefined set of materials is considered [17] . 
V. RESULTS AND ANALYSIS
The improvised Particle Swarm Optimization (PSO) is applied on the design of microwave absorbers for various combinations of materials for 5 layers for a range of frequency and angle of incidence.
Matlab® is used for coding using a PC with core I5 4005u, 1.7Ghz and 4 GB RAM. The number of particles in swarm is considered as 30 and 10 dimensions are considered for the five layers and their corresponding thicknesses. The maximum layer thickness is set to 1.5mm to restrict the search boundary. For each design presented, 700 iterations is carried out for every 20 independent trials. For each design the frequency range considered is from 2 to 18GHz based on the application for a 0.1GHz
set. The angle of incidences considered are from 0° to 75°for a set size of 15°.The mean and standard deviation of the 20 trials is taken into consideration and the best is chosen for the microwave absorber design. Here 1 2 is considered as 1 and 1000 respectively, for comparison. The global best (Gbest), worst, mean and standard deviation is calculated and compared with [13] as given in Table 2 . TE/TM  TM  TE  TM  TM  TM  TM  TE  TE  TE  TE  Angle of  incidence  0°  15°  15°  30°  45°  60°  75°  30°  45°  60°  75° considered, their corresponding thickness, total thickness and arrangement of the materials has been tabulated in Table 3 and Table 4 . Design 1-3 in Table 3 is considered for the analysis of microwave absorber design for angle of incidence 0° (normal incidence) and 15° for a 5 layered design. 
VI. ANALYSIS OF VARIOUS MICROWAVE ABSORBERS
The microwave absorbers are frequency independent materials and are designed according to the range of frequency. This relation is established in Fresnel's equation. Hence an analyis on the effect of frequency on absorber design is conducted for various microwave absorbers from the best obtained results. As per the literature above suggested a microwave absorber for TM polarization and for an angle of 45 is designed using three different number of layers over three ranges of frequency S and C band (2-8GHz), X band (8-12GHz) and Ku band . Various experiments on N=2 layers absorbers have been designed and analyzed in earlier literature [18] . The increase in the number of layers have shown improvement in obtaining the minimum reflection coefficient. Hence this analysis will help to choose microwave absorbers according to specific frequency band for the required application. Also this frequency range is widely used in fields of military and civil applications. Based on the thickness specification, the absorber can be choosen. The number of layers are considered excluding the PEC layer and it is considered as N+1th layer which acts as the substrate for every design. This experiment is carried out using improvised particle swarm optimization for a changing dimension which is the number of layers and the material used. Design number 12 to 14 correspond to absorbers with N=4 layers. Design numbers 15 to 17 correspond to absorbers with N=5 layers and design numbers 18 to 20 correspond to absorbers with N=6 layers. Based on the number of layers N the minimum reflection coefficient and its thickness is calculated and presented below. From the data available in the above Table 5, Table 6 and Table 7 , a direct relation to thickness, frequency band and number of layers can be inferred. As the thickness increases, the reflection coefficient should also increase. For the frequency band 2-8GHz design 18 has shown the best result for absorber design with a reflection coefficient higher than the other two designs 12 and 15 respectively, in the same band. Similarly, for the frequency band 8-12GHz design 19 has proved to be the best comparing to design 13 and design 16. Hence in the frequency bands S, C and X microwave absorbers with 6 layers (N=6) is advisable for minimum reflection coefficient. In the case of the frequency band 12-18GHz design 14 proves to be the better comparing to design 17 and design 20.
Hence for X band microwave absorbers with 4 layers (N=4) is advisable for obtaining minimum reflection coefficient.
Also based on the application if it is thickness specific, the above database will prove to be useful for selecting the parameters required for the microwave absorber design. Based on the application and the requirement of the range of frequency the required number of layers can be selected. Figure 4 [a], [b] and [c] are plotted for specified range of frequency vs reflection coefficient for TM polarization for an angle of incidence 45°.
VII. CONCLUSION
Improvised PSO has been proposed in this work for the design of microwave absorbers. For a given range of frequency and angle of incidence, number of layers and their corresponding thickness are the factors that can be varied in order to get a desired response. PSO variant produces the desired response and three modifications have been tried which are, linearly varying inertia weight to design the optimal thickness that follows the exponential rule, a mutation technique and velocity restriction to control the convergence. This algorithm proves to be useful when quicker convergence is essential.
The algorithm has proved to design microwave absorbers with minimum reflection coefficient and it is found to be effective for any number of dimensions. The algorithm produced the best design for microwave absorber for TM polarization and an angle of incidence 45º in the range of frequency [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] GHz. Hence the obtained microwave absorber can be used for the design of stealth applications.
Comparatively, for the best design considered there is an improvement of 0.767 dB in the accuracy and for the rest of the designs there is an improvement of more than 0.2 dB. Hence the algorithm has proved to provide better accuracy in this field of application.
